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ABSTRACT-------- .—

We present the results of detailed two-flavor

MSW calculations for solar 8B neutrinos. The probabilit.iea

for solar neutrinos to remain electron neutrino~ at earth

[Ire c&lculat&d as functions of energy, @2. and ain22f3,

:lnd che re~ulte nre prernenced in both graphical form and

numerical form. The numerical results are contained on

nn IBM PC compatible floppy diskette which aluo contains

the ‘B Hpectrum. TtIuu iIll of the data can he comhIned to

predict reuults for uny detector !~cheme.
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In this report we present the detailed results of solar neutrlno

oscillation computations in which the effect of matter oscillations as they

travel through the sun, the YSW effect, is taken into account. We

calculate the probabilities, P(Ve+’Je; l?) for eleccrun neutrinos born in

the sun to remain electrcn neutrinos when they arrive at earth as

functions of their energy E and the oscillation parameters Am2
~

and tiin 2*1

;lssociatad with two-flavor mndels. We use the solar density profile of

the standard model and average the compl~ted probabilitieti over the

R
production region in the solar core il~~ocliited with B neutrinos.

The formalism for these calculation and the method of carrying

them out are described at length in section V and Appendix A of our

●

originul puhlir.ationL, which we include ati an appendix

Sevcrul differences between these computations and our

Hbriuld he noted:

to this report.

original one~

(1)

(2)

(3)

(1’,)

A l;lr~er ri~nge of enerflv with finer increments IM pr(wided:
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1<sln2(~Ree/L)~ = – 1 -
sin(2mc/L)

‘coY(2-Ree/L)

1

(1)
~ (2TE/L)

Figures 2 :hrough 14 show the results of our calculation~. Each

figure refers to a specific value of Lm2, beginning with lf) ‘L (eV)2 in

figure 2 and decreasing in uniform steps of 10
-0.5

to 10-10 (eV)2 in

figure 14. T!w upper three curves in each figure correspond co the small

values of 9in229 ● 0.001, 0.01, and f).1 and are labeled as such; the

lower three cur-~es correspondto che Iarpe values sin225 = 0.3, 0.7, and

1.0 and are again labeled appropriately. Preciqely the same information

contained in che figures is presented in the form of numerical data files

i)n the floppy diskette.

The hehaviour of the probability curve~ can be understood rather well

frnm [he Eer.sral properties of P(*J +’Je) a~ a function of E/..m2.
e

Ati can

5(* seen frnm figures 1, 3, and 4 in our original paperl (sue chu Appendix

:n c!~is paper), the genertil shape of P(\Je+’Je) is that IL remain~ rlosc tn

onu fnr E/;,m2 less thtin lf)5, then drops rapidly to ti small VAIIIQ and

2
reriains small for hulf a dec;lde or more in E/Am , dependinq llPnn the v;JllJ@

of sin22q, and finally begins a ~teady climb hack to unity [IS E/~,m2

{ncrea~e~ co vnlues of o’der 108 And higher. The earllcr p:lrt of tlw rllrvu

(:orre~pnndti LI) the iidl~b~tl~ :Ippr(lximiition which tends tn tlw “smnll”

2,
;Issvl?lptllt it’ vlllue of q!r. I: ;IS F/,’.m2 jncrenws: the gjzc of the reultln

in whirh P(’ ‘,,, ) h~ls tillS V:lllll”~lf;,,l:,f!s.IllIf,li:!IP ‘,;,;,,,,iIf *l~2~P f(’,?*;“,
(“

‘)
br Ing lmr” (J,hi.:idp fr)r +111:’211 9 r),fll :ind twr) drqt::ldes for qln~;!~, ~“ 0.;!



“m,.. ,
., -4-

back from sin29 to unity, we enter the region of the “sudden”, non-adiabatic

approximation.

Let us now consider the shapes Of the probability curves for small

mixing angles

2 we see that

regime and so

to very small

Some increase

curve because

mixing angle.

as Lm2 pregre99es from 10-4 to10-10(eV)2. From figure

for the low energy neutrinos we are still in the adiabatic

the probabilities are large at first, then fall rapidly

values as the energy i~creascs, and tend to stay small.

occurs towards the high energy end of the sin22Q * ().001

the “suppression gap” is rather small for Much a small

AS Lm2 decreases , the neutrino energy span (0-20 MeV) moves

to the right in the P(Ve-~Je) versus E/.’.n2 diagram and we move steadily

away from the adiabatic regime into the non-adiabatic one. Consequently

2
the region of large probabilities disappears as Am gets smaller, to be

replaced by a region of small prnbabilitiea and then by the region in

which the probability steadily climbs hack to unity. Thi~ progre~~ion

lJCCUrM must rapidlv for ver:~ smhll sln22fl (=0.001) and less rapidly for

the larger values (~0.1), but it is complete in all ca~es by the time

:.n,2 ha~ fallen to 10
-ti

(et’)*. For smaller value~ of Lm2, Gscil”

lengths hecnme comptirable with the earth-dun diHtance und so we

co see in vncuo oticlllatione rominu into pluy: they are purticu’

vitiible for sin229 -0.1.

a t ion

beR~n

arly
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begin to move into the non-adiabatic regime. Since the “auppreseion gap”

is narrower for smaller .sin225, the lowest value shown, namely sin220 = 0.3

is the first to begin increasing to unity; it is then followed by the

7
sin6”25 = 0.7 curve, and finally by sin229 = 1.0. By the end of this

process, between &m* = 10_705 and 1~’ (eV)2, the order of probabilities

has been inverted, the sin22~ = 0.3 having the highest probability for

‘JeaJ at any energy, followed by sin223 = 0.7, and then 1. For smaller
e

2
values of Lm , the effects of in vacuo oscillations between the sun and

the earth begin to set in; superimposed upon these oscillations is a

“beat” phenomenon associated with the factor {sin(2W/L) / (2?E/L)} in

equations (1) and (2), which arises from the average between the apogee

and perigee of the orbit of the earth. The mean values of the probabilities

are given by the standard formula P(wewe) = 1 - 1/2 sin229.

The ~sefulness of these graphs is demonstrated in our recent work

with J*N. Bahcall on the !4SW effect in solar neutrino-electron scatterinR4.

We computed products of tne from d(E)Fv(E)P(E/Am2) where u is the cross-

8
uection for ‘~e-e or ‘~ -e scattering, FV(E) is Lhe flux of solar B neutrlnoti

3

(9ee figure 15), and P(E/Am2) are the probabilities for Ue+v at earth
e

or 1-P for ve”mJ~ at earth (figured 2 through 14). From these productq

we can extract the spectrum of electronu ati a function of their energies

and the total event rate~ au a function of Am2.



IBM FLOPPY DISKETTE: COMPUTER FILE INFORMATION

Upon request, we can send you a copy of a standard 5 1,4” doub]e-sided

double-density floppy diskette formatted for IBM personal computers. The

files are standard ASCII files and c.a be used by a personal computer or

uploaded co $1mainframe.

X3SPEC.DAT is the 8B solar neutrino spectrum with the range: 0.05 to

20.0 MeV in increments of 0.05 MeV fit contains 400 points). An example

Fortran-77 program co read the file is given below:

DIMENSION ENERCY(400),B8(400)

OPEN(UNTT=l,?WME= ‘B@3PEC.DAT’ ,STATUS=’OLD’ ,FORM=’FORWT’TED’ )

5 FOR!T(F7.4)

no 10,1=1,400

ExERcY(I)-FLoA’i(I) *o.f)5

READ(1,5)B8(I)

10 CONTINL’E

CLOSE(LWIT=I)

STOP

Esl-’l

The prob~bl].icy spectra (Figs. 2 through 14) are contained In fil[~s

t~f the form j3B#~~P/1.DAT,each containing 2406 points. BFJ1OPO.DAT

corresponds to Log(Lm2) = -10.0, 1313C17P5.DAT corresp(]nds to l,t]~(,’.m2)= _7,5,

etc. h)ithln cI;IL:ll file there 1s tl)c first vulue of sin22(~ ff~llr}wcclh’~

Jlf)opf)lrlt’i (0,05 to ?f’),o MPv by 0.05 ?lPV) followpd hv tho npxt V:IIIIrJ

‘)
of stn’”2° :]nd its spectrum, I.!tr. Tllerv ;irc~ SIX ValIICIH of +ln2?41n tlILI
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following order: 0.001, 0.01, 0.1, 0.3, 0.7, and 1.0 . Note: 2406=(1+400)*6 .

ArI example Fortran-77 program LO read the files is given below:

5

20

10

DIMENSION SS2T(6), ENERGY(400),PROB(400)

CHARACTER*15 FILE

FORMAT(F7.4)

‘L’YPE*, ’ENTER FILE TO BE READ’

ACCEPT *,FILE

OPEN(UNIT=l,NAME-FILE, STATLW-’OLD’,FORM- ‘FORMATTED’)

DO 10,1=1,6

READ(1,5)SS2T(I)

DO 20,J-1,400

READ(l,5)PRo13(I,J)

IF(I.EQ. l)ENERGY(J)-FLOAT(J)*O.05

CONTINUE

CONTI?WE

CLOSE(LTNIT-1)

STOP

END
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NOTES FOR FIGURES 2 ~ROUCH 5:

The neutrino o~cillation length goeti ati E/P.m2. For small values of

E/lm2 greater detail is req~lired as the neutrino propagates through the

aun. This becomeri exceedingly time consuming for certain value~ of

E/Am2 , Therefore we did not compute probabilltie~ below 5 MeV for

Log(Lm2) = -4.0 through -5.5. For smaller values of /.m2, E/Am2 In

large enough so that computaciuns below 5 MeV were carried out.

Motit 8B detection ~cheme~ “look” :lt cnergie~ hiRher

therefore, we simply set the pr~~bi~hilieti In F1gH. 2

than 5 MeV anyway:

through 5 equal to

zero below 5 lleV so that the cnmpuLer files are of the utime formnt

for all valueH of Amz. in the event thut we decide to calculate the

rest of the probtibilit~eti k? will make update~ of the graphti anll ‘or:putcr

files. If you find thut you vced che~e probabilities at prc~cnt, thun

yell run try tc lnterpnlute thu dot:l bxtied on che graph~ :ind the th~~orl(’ti

of the WW effc,;c nnd udd the new dntn to the flle~.
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FIGURE 13
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